A series of different cationic structures based on 1-alkyl-3-methylimidazolium were combined with a single anion, bis(trifluoromethylsulfonyl)imide (C n mimNTf 2 , n ¼ 1 to 12) for analyzing the quality of COSMO-RS based estimations. For this purpose, we have studied the structure as well as the estimations of several properties of one ionic liquid (IL). These estimations are obtained from polarization charge distribution in which the IL is embedded. Special attention has been paid to the effect of the dielectric constant value in the predictions. For this purpose, polarization charge density has been modeled using several values of dielectric constant, and properties have been estimated in each case. Thus, s-profiles and, s-potentials have been computed and used with COSMO-RS for estimating vapor pressure, as a function of temperature, as well as theoretical values of vaporization enthalpy, density, and viscosity at 298.15 K. The influence of the length of the alkyl chain of ionic liquid in the estimation of these properties has also been tested. Finally, the results have been compared with experimental data.
Introduction
Ionic liquids (ILs) are molten salts composed of bulky and asymmetric organic cations and organic or inorganic anions. These bulky ions have disperse charges and low lattice energies, lowering, thereby, the IL melting temperature and allowing them to be in the liquid state at or near room temperature. 1, 2 They are being evaluated as potential alternative solvents in practical applications due to their low volatility, high solvent capacity, and high chemical and thermal stability. ILs offer several advantages when used as solvents, due to the possible regeneration and reutilization, the reduction of energy consumption, and lower costs associated with several processes. In particular, ILs are being investigated in a wide diversity of elds involving chemistry, 3-5 biochemistry, 6-8 electrochemistry, [9] [10] [11] engineering, [12] [13] [14] [15] and material science, [16] [17] [18] and are being examined as possible solvents for different captures. [19] [20] [21] In particular, solubility of carbon dioxide in ILs is an active eld of research, which includes both experimental work, [22] [23] [24] [25] and theoretical search using molecular dynamics simulations. 26, 27 However, in order to be useful as solvents, these favorable features must overcome the less favorable transport properties, related to their high viscosity and surface tension. Thus the choice of a particular IL for a given application requires the improvement of several design parameters. This fact can become a cumbersome process due to the huge number of possible combinations between ions. The combination of cation-anion pairs 28, 29 and the molecular structure of the ions 30, 31 affect to the properties of ILs, and therefore must be considered in the selection process. Furthermore, specic structural aspects as the length of alkyl chain substituents 32, 33 can be used for tuning ILs for specic purposes. Because of this, ILs have been termed designer solvents. [34] [35] [36] In order to facilitate a rst selection, theoretical methods can be useful since they are usually faster and cheaper than experimental procedures. Process simulation is one of such methods, which proves to be a powerful tool to make predictions on the performance of systems in the equipment environment. 37, 38 However, this simulation needs information about different thermochemical properties of the IL such as enthalpy, melting and boiling points, density and viscosity. Some of them are difficult to measure (even impossible in some cases like with normal boiling temperatures). In these cases, reliable theoretical estimations could be used as input to the simulator.
Computational methods provide a possible alternative in terms of means for quantitative theoretical predictions of thermochemical properties. Given the nature of the problem, methods based on quantum treatments may be preferable, but most of them have been devised to deal with single molecules or clusters of relatively few molecules. This is insufficient for a good description of liquid phases. However, at the end of the last century, an appealing method was proposed for estimating these properties in liquid phase, namely, the COnductor-like Screening MOdel for Real Solvents (COSMO-RS). 39 This method combines quantum calculations of the molecular structure on single molecules, with a cavity model to simulate the effects of environment, followed by an original a statistical treatment.
In COSMO 40 model (the starting point of COSMO-RS treatment), the effect of environment on a given molecule is simulated in terms of a polarization charge density located on the surface of a cavity surrounding the molecule. The cavity is built by a superposition of spheres centered at the nuclei of the molecule with radii which usually are taken as 1.2 times their van der Waals radii. The charge density is determined with the condition that the total electric eld (or, alternatively, its electrostatic potential) vanishes over the cavity surface. 41 When applying COSMO-RS, it is customary to take the polarization charge density corresponding to a molecule whose electron density corresponds to the molecule placed in vacuum. However, real molecules are embedded in a more or less polarizable medium, and this fact should be taken into account. One way to introduce this effect is to use a Polarizable Continuum Model (PCM), 42 with a given value of the dielectric constant, when computing the electric eld or electrostatic potential which determine the polarization charge density.
ILs based on imidazolium cations have been proposed as good solvents in separation processes because the aromatic or aliphatic character of the liquid can be tuned by modifying the alkyl chain length. 35, 36 In this work, COSMO-RS, combined with a Polarizable Continuum Model with different values for the dielectric constant, has been used to estimate several properties on a family of ILs consisting of alkyl imidazolium cations combined with a single anion.
In particular, predictions have been made for vapor pressure as a function of temperature, and vaporization enthalpy, density, and viscosity at 298.15 K. Furthermore, s-proles and s-potentials have been built to predict their chemical behavior, paying special attention to the inuence of the length of the alkyl chain of the cation in the predictions. Finally, the results thus obtained have been compared with available experimental data. [43] [44] [45] [46] 2 Methods and computational details ILs can be represented in two ways in computational analysis: IL can be considered as independent counterions (C + A model) or as ion-pairs (CA model). Given the complexity of the ions, the number of possible stable structures is quite high, and some preliminary selection must be made. In this case, we have taken as a reference the structures derived in a previous conformational study for C n mimCl series IL. 32 For C + A model, the analysis consisted of a geometry optimization of the structures of the independent ions. For CA model, the anion was located in the most stable position in each cation previously optimized.
Starting with these structures, geometry optimization of the ions or ion pairs has been carried out at the BVP86/TZVP/DGA1 level using Gaussian09 package, 47 including the counterpoise method to correct basis set superposition error (BSSE) 48 for CA model, and a calculation of frequencies to identify local minima.
The optimized structures have been used as starting point for COSMO, and the polarization charge on the cavity surface has been computed using different values for dielectric constants plus that of gas phase (3 ¼ 1). It has been reported that values of dielectric constant higher than 80 show insig-nicant variations in properties. 49 Thus, we have chosen four values covering a wide range of 3: 2, 10, 33 and 78, which approximately correspond to some common solvents: benzene, dichloroethane, methanol and water, respectively.
Polarization charges thus obtained are used by COSMO to compute the s-prole, which relates the values of polarization density with surface areas, 41 and s-potential, used to interpret the chemical behavior and to compute thermal-statistical properties 50, 51 with COSMOtherm program. 52 In this case, BP_TZVP_C30_1201 parameterization level has been chosen.
Results and discussion

Models and dielectric constants: inuence on molecular structure
The general molecular structures of ions which compose the ILs treated in this work are shown in Fig. 1 . Series based on imidazolium cations from 1,3-dimethyimidazolium (C 1 mim + ) to 1-dodecyl-3-methylimidazolium (C 12 mim + ) and bis(tri-uoromethylsulfonyl)imide anion (NTf 2 À ) have been analyzed.
As mentioned above ILs can be represented by two models: the independent counterions (C + A) model that considers the cation and anion as independent entities, and the ion-pair (CA) model that considers ion pairs as molecules. The representation for both models is plotted in Fig. 2 .
To illustrate the inuence of the dielectric constant in the results, Table 1 collects the values of interaction energy of ion pair, dened as the difference of total electronic energy between models, i.e., DE int ¼ E ion pair À (E cation + E anion ), for the smallest member of the series (C 1 mimNTf 2 ). As it is expected, this difference largely depends on the value of 3, being lower as medium polarizability increases. In this table, we have also collected the distance between the proton placed between hydrogen nuclei in imidazolium and the nitrogen of NTf 2 , as a measure of the anion-cation distance. It can be seen that this distance increases as medium polarizability increases when CA model is considered. This behavior is similar for all ILs. Table  S1 in ESI † shows that interaction energies and cation-anion distances do not change signicantly with the alkyl chain length. C 4 mimNTf 2 has been chosen because it is widely used as solvent. This IL is considered an interesting candidate in processes of carbon dioxide capture due to its high solubility selectivity. 25 The results obtained with the highest and lowest dielectric constants considered in this work are compared for the twelve ILs in Table S2 of ESI. † Distances between ions computed with 3 ¼ 1 are similar for all these ILs, whereas with the highest dielectric constant the difference is ca. 0.30Å. Interaction energy is more sensitive to the value of dielectric constant. The difference taking the lowest dielectric constant is ca. 10 kJ mol À1 , whereas it is only 1 kJ mol À1 with the highest.
We have also studied the s-prole of the ILs to analyze the differences on the polarization charge distribution with both models, and the effect of the dielectric constant. The increase of the alkyl chain length of the cation affects the neutral region of s-prole for both models (see Fig. S1 -S4 in ESI †) but keeps the regions of large polarization density unchanged. This means that reactivity of these ILs towards nucleophilic or electrophilic reagents does not depend on the chain length. Moreover, nonsignicant differences of the charge density with different values of dielectric constant for C + A model were observed. Fig. 3 shows an example for the smallest ion pair, C 1 mimNTf 2 , in which the differences between models with highest and lowest values of the dielectric constant are shown. Peaks corresponding to CA model are less intense than those of C + A model, and cationic and anionic zones are closer to each other for CA model, suggesting less chemical activity than in C + A model.
The s-potential of the C 1 mimNTf 2 has been analyzed to predict the chemical behavior. The positive values in the region of positive polarization charge, shown in Fig. 4 , suggest repulsive behavior with respect to nucleophilic reagents, and the small negative values in the non-hb range, a slight attractive interaction with nonpolar reagents. This behavior seems to be independent of the value of 3, and equal for all ILs. This is illustrated in Fig. S5 (see ESI †) for C 1 mimNTf 2 and C 4 mimNTf 2 . In contrast to this, in the region of negative polarization charges, which reects the behavior against electrophilic reagents, the s-potential is highly dependent on the dielectric constant, as Fig. 4 illustrates in case of C 1 mimNTf 2 .
As a consequence COSMO-RS predictions on the performance of these ILs as solvents of electrophilic reagents will be highly dependent on the value of the dielectric constant chosen in the computation.
Estimation of properties
3.2.1 Vaporization enthalpy and vapor pressure. Molecular structure differences between models greatly affect the predictions on properties such as vaporization enthalpy which has been estimated by COSMO-RS. Results of vaporization enthalpies computed with C + A and CA models using the highest and lowest dielectric constants are shown in Fig. 5 (see Table S3 in ESI †). For C + A model, no signicant change with 3 can be observed, whereas for CA model a difference ca. 15 kJ mol À1 is obtained, the results with 3 ¼ 78 being closer to experimental data. 45 Both models present a minimum of vaporization enthalpy for C 2 mimNTf 2 . The higher value of vaporization enthalpy of C 1 mimNTf 2 with respect to C 2 mimNTf 2 has been attributed to the symmetry of the former, which yields an electrostatic interaction between ions more intense than in C 2 mimNTf 2 . 53 These results suggest that CA model is more appropriate for estimating this property. This conclusion is reinforced by Fig. 6 , which shows the vapor pressures estimated by COSMO-RS for all the members of the family as a function of temperature. Vapor pressure decreases with alkyl chain length of the cation for both models and experimental data. C 2 mimNTf 2 and C 3 mimNTf 2 for CA model, and C 10 mimNTf 2 and C 12 mimNTf 2 for C + A model regarding experimental data are reversed.
Density and viscosity.
Density is one of the most studied properties of ILs. Fig. 7 shows the results for C n mimNTf 2 (n ¼ 1 to 12) series computed at 298.15 K using COSMO-RS with different values for dielectric constant and considering both models. For CA model, density is lower for 3 ¼ 78 than for 3 ¼ 1. However, it is greater and closer to experimental data 43, 44 if IL is considered as C + A model. Fig. 7 (see Table S4 in ESI †) shows similar results for the lowest value and the highest value of the dielectric constant. Intermediate values are analyzed in Fig. 8 for C 1 mimNTf 2 . For this ion pair, the closest result to experimental data is obtained when considering ionic liquid as C + A model and its polarization charge on surface described with 3 ¼ 78. However, it does not differ signicantly from the value obtained with 3 ¼ 1. The intermediate values of 3 give comparable results.
Experimental measurement of viscosity of ILs is difficult because it usually has very high values at room temperature, and it is very sensitive to the presence of water and other impurities. Viscosities for C n mimNTf 2 (n ¼ 1 to 12) series have been estimated using COSMO-RS at 298.15 K (see Table S5 in Fig. 5 Plot of the vaporization enthalpy trend of C n mimNTf 2 (n ¼ 1 to 12) series with 3 ¼ 1 and 3 ¼ 78 for both models, including experimental data. Fig. 6 (a) ln P n tot as function of the temperature for C n mimNTf 2 (n ¼ 2, 3, 4, 5, 6, 7, 8, 10 and 12) series with CA and C + A models, including experimental data. (b) ln P n tot as function of the temperature for C n mimNTf 2 (n ¼ 2, 3, 4, 5, 6, 7, 8, 10 and 12) series with CA model and experimental data. (c) ln P n tot as function of the temperature for C n mimNTf 2 (n ¼ 2, 3, 4, 5, 6, 7, 8, 10 and 12) series C + A model. 
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ESI †). In Fig. 9a , the estimations attained with both models, using different values for dielectric constant, are compared to experimental data. 46 A detail of the curves corresponding to 3 ¼ 1 (both models), which are closer to experimental data, is depicted in Fig. 9b . Viscosity increases when alkyl chain length of the cation is enlarged. This can be interpreted in terms of higher dispersion forces. Values obtained with 3 ¼ 78 are greater than those computed with 3 ¼ 1. An intersection of the lines between the CA model and the C + A model corresponding to C 8 mimNTf 2 is clearly visible in Fig. 9b , as well as a second intersection of the lines of CA model and experimental data. Therefore, the best estimations of viscosity are expected using 3 ¼ 1, and choosing the model as function of alkyl chain length of cation. CA model is more appropriate for ILs with alkyl chain of n < 8, whereas C + A model is better suited for n > 8. Finally, we report in Table 2 a summary of results obtained for a particular IL of the series, to give a global view of the effect of models and dielectric constant values in the predictions. For this purpose, we have chosen C 4 mimNTf 2 (experimental 3 ¼ 11.6 (ref. 54) ). As the Table 2 shows, vaporization enthalpy is underestimated with CA model and overestimated with C + A model. In fact, the best prediction is reached with the highest 3 value within CA model. On the contrary, density is better predicted with C + A model, and almost independently of the 3 value. Best predictions for viscosity are obtained with low values of 3, almost independently of the model. Here, it is important to notice that the best values of dielectric constant for predicting properties usually do not coincide with the experimental value. This is not so strange as it may appear at a rst sight, since in COSMO model 3 must be taken as a parameter that can be used to improve the description of the environment local effect over a single ion or ion pair, and which therefore can be different from the bulk average value.
Conclusions
The molecular structures for (C n mimNTf 2 , n ¼ 1 to 12) series designed as two models (CA and C + A) have been computed. Effect of molecular structure and models on estimation of properties has been examined. Different values for dielectric constant have been used to describe the polarization charge on the surface of the cavity. s-prole and s-potential of these ILs have been analyzed, and the affinity for hb-donors has been related to increased dielectric constant. Vapor pressure, vaporization enthalpy, density and viscosity have been predicted using COSMO-RS.
The size of IL and the dielectric constant affects to the molecular structure of IL. In this work, the size of the IL has been modied increasing the alkyl chain length of the cation, and the polarization charge on the surface of its cavity has been modeled with various dielectric media. Ions described using CA model move away from one another when the values for dielectric constant increase, and the interaction energy decreases.
Negligible vapor pressure is a property which makes ILs interesting. Both models display the same trend as experimental data, CA model being best suited for this property. There is a signicant difference in the values of vaporization enthalpies with different values for dielectric constant. CA model seems the most suitable model to estimate these properties.
The inuence of alkyl chain length on these properties have also been examined. While density and vapor pressure decrease with the alkyl chain length of the cation, viscosity and Fig. 9 (a) Viscosity for C n mimNTf 2 (n ¼ 1 to 12) series with 3 ¼ 1 and 78, and both models, including experimental data. (b) CA and C + A models with 3 ¼ 1, and experimental data. vaporization enthalpy increase. Density is greater for C + A model than for CA model. C + A model with the highest dielectric constant (3 ¼ 78) gives results closest to experimental data. On the other hand, viscosity is overestimated for systems larger than C 6 mimNTf 2 with both models. CA model or C + A model are proposed depending on the property of interest. CA model in gas phase is the most promising model to estimate vapor pressure, vaporization enthalpy and viscosity for C n mimNTf 2 (n ¼ 1 to 6) series. C + A model in gas phase is suitable for estimations of density and viscosity for C n mimNTf 2 (n ¼ 7 to 12) series.
